A few potato lone, such as A6948-4, had higher rates ofphotosynthesis in the f than the Russet Burbank and were able to maintain higher rates not only dring miday but also in the early mornng and late evning For many species, more than 95% of the plant dry weight is derived from photosynthetically fixed CO2 (17). Many physiologists have studied rates of photosynthesis in various crops, and some have found differences in photosynthetic rates. For example, Bhagsari and Harmon (2) reported differences in rates of CO2 uptake among 20 sweet potato genotypes. Crosbie et al. (5) have demonstrated that leaf photosynthesis of maize can be improved by recurrent selection, and Mahon and Hobbs (12) have reported progress in the selection of peas for high photosynthetic CO2 exchange rate.
hour In additon, they maintaied higber carbon asshnilation rates over a range of pbotosynthetic photon flux density from 400 to 2,000 microeinsteins per square meter per second.
Stomatal conductance increased Hlnearly as irradiance increased from 500 to 2,000 microeinsteins per square meter per second with all four potato clones that were exained Obviously, comparative measurmets of stomatal conductance or diffusive resistance with potato must be taken at a known and constant photosynthetic photon flux density.
The upper (adaxial) leaf surface of some potato clones provided a surprisig contrbution to total carbon assilatin. Neither stomatal conductance, number of stomata per unit area, total area of the stomatal apparatus, nor chlorophyll content appear to account for diferences in carbon assimilation rates among clones.
For many species, more than 95% of the plant dry weight is derived from photosynthetically fixed CO2 (17) . Many physiologists have studied rates of photosynthesis in various crops, and some have found differences in photosynthetic rates. For example, Bhagsari and Harmon (2) reported differences in rates of CO2 uptake among 20 sweet potato genotypes. Crosbie et al. (5) have demonstrated that leaf photosynthesis of maize can be improved by recurrent selection, and Mahon and Hobbs (12) have reported progress in the selection of peas for high photosynthetic CO2 exchange rate.
Cieply (3) concluded that assimilation rates can be used as a physiological criterion for rapid selection in potato breeding. Moll and Henniger (13) lins' (4) work with CO2 enrichment suggests the possibility for potential improvements in potato yields through selection for increased photosynthetic efficiency. Dwelle et al (7, 8) have found significant differences in photosynthetic rates among potato clones.
Irradiance influences both stomatal conductance and photosynthetic production by plant tissues. Sale (15) reported photosynthetic saturation in potatoes at 400-to 450 w m with no further increase up to 1,000 w m2. Using a numbered potato clone that was grown under controlled conditions at 400 LE m-2 s-', Ku et al. (11) reported an increase in both transpiration and net photosynthesis with increasing irradiance up to 850 ,tE m2 s-'. Dwelle et aL (7) reported for the Russet Burbank variety that photosynthesis saturated by about 1,300 ,tE m 2 s-but that SC2 increased with increasing irradiance from 400 to 1,700 utE m-2 s-1.
A differential response to environmental variables by adaxial and abaxial stomata was reported for several plant species as early as 1898 (6) . Since then, a number of papers have examined differential responses of upper and lower leaf surfaces for certain species (e.g. 14, 16) . This paper examines photosynthesis and SC in greater detail and for additional potato clones. Differences are reported in diurnal activity, response to varied light levels, and carbon assimilation through adaxial and abaxial leaf surfaces.
MATERIALS AND METHODS
SC and PG. Relative measurements of SC and of PG were taken simultaneously with a dual-isotope porometer, which was modified by Kleinkopf (8) from a design developed by Johnson et aL (9) . This apparatus provided a constant flow of 4C02 and 3H20 across a single leaf surface. The 14C02 (10 ,tCi/l) was contained in a pressurized cylinder with a gas composition of 350 td/l C02, 21% 02, balance N2. At 1.0 p.s.i., gas flow was strictly regulated at 180 cm3 min-, as measured with a Matheson linear mass flow meter. Saturation of this gas with 3H20 was achieved by its release in very small, disperse bubbles through a 3H20 reservoir (37 ,tCi/ ml), which was held at 0.5 to 1.0°C by a surrounding ice bath; the constant temperature ice bath provided for a relatively constant rate of 3H20 uptake. A clamp enclosing a small area of leaf tissue was placed on the leaf and the '4C02 and 3H20 gas mixture was allowed to flow through 3- was always oriented directly toward the sun.
Treatment time was 30 s. A portion (0.50 cm2) of the exposed tissue was immediately excised with a No. 4 cork borer and placed in a scintillation vial containing 1.0 ml of a tissue solubilizer. Standard methods for liquid scintillation spectrometry were followed and a series of 10 successively quenched standards were used to establish counting efficiencies for converting cpm to dpm. The rationale for the methodology of the dual-isotope porometer, including gas flow rate, leaf exposure time, methods for handling the excised leaf tissue, use of bleaching agents, etc. has been discussed (8) .
Exchange of 3H20 into the leaf tissue is assumed to be proportional to SC, and retention of 14CO2 is used as a measure of gross carbon assimilation (9) . All SC values are expressed in relative terms as dpm/0.50 cm2 of leaf tissue. A Wescor thermocouple thermometer, model TH50, was incorporated into the porometer to measure temperature of both the abaxial leaf surface and the reservoir of tritiated water. Quantum measurements of PPFD were taken with a Li-Cor LI-170 Quantum/Radiometer/Photometer.
Field measurements were taken only on cloudless days when PPFD reached 2,000 to 2,300 psE m-2 s-' at mid-day, and when RH was low. (Southern Idaho has a desert environment with virtually no precipitation during July and August.) Following field irrigation, the soil surface was allowed to dry before measurements were resumed. When examining effects of varied PPFD in the field, a canopy was constructed above the plants using several layers of cheesecloth to reduce the light. Plants were allowed to equilibrate for 1 h at each light level before measurements were initiated.
All measurements were taken after tuber formation using the second most-distal leaflet of the most recently fully matured petiole (usually the fourth or fifth from the apex). Values are means for 10 plants, one measurement per plant, repeated on four to eight dates. Unless stated otherwise, all field measurements were taken at a leaf temperature of 23 ± 1.5°C.
Cultural Practices. Fertilizer rates were based on soil and plant tissue analyses. Seed pieces were cut to weigh 57 to 71 g each and planted May 5 at a 25 x 91.5 cm spacing. The field was irrigated To obtain a count of stomata per unit leaf area, cellulose acetate was applied directly to either the adaxial or abaxial surface of the terminal or next-to-terminal leaflet from the most recently matured petiole (the fourth or fifth petiole from the apex). After drying, the film was pulled from the leaflet and a small section excised with a No. 1 cork borer and mounted on a slide with water. Counts were made on 10 discs and averaged.
Areas of the stomatal apparatus were taken from the same discs and calculated as irab, where 2a and 2b were the long and short diameter of the apparatus (10) . Conformation of the stomatal guard cells were similar among these clones. Measurements were taken as the distance between the outer walls of the guard cells and averages were based on 10 measurements.
RESULTS
Photosynthesis and Yield-Diurnal and Seasonal Pattern. Three potato clones, which have often produced higher tuber yields than the Russet Burbank variety, have also shown higher rates of carbon assimilation per unit leaf area (Table I ). These differences in carbon assimilation have been confirmed at an independent laboratory (Table II) .
Those clones which had higher rates of carbon assimilation generally maintained higher rates throughout the duration of a day (Fig. 1) . Clone A6948-4 had the highest rate of PG and Russet Burbank the lowest. All clones peaked before noon and declined throughout the afternoon.
Photosynthetic rates declined gradually during the second half of the field season (13) , but those clones with higher assimilation rates maintained their comparative advantage until late in the field season. Clone A66107-51 in particular maintained vigorous growth when other clones were becoming chlorotic and senescent.
Irradiance. Clone A6948-4 had the highest rate of PG by the lower leaf surface at all PPFD levels ranging from 400 to 2,000 pE m-2 s-1 (Fig. 2) . Photosynthesis was nearly saturated by about 1,300 ,iE m-2 s-' for most of these clones.
SC increased with increasing PPFD from 400 to 2,000 ,iE m-2 s-1 (Fig. 3) . Lemhi had the highest SC, A6948-4 and Russet Burbank were intermediate, and A66107-51 had the lowest.
Adaxial versus Abaxial Leaf Surfaces. The PG rates by the upper and lower leaf surfaces varied considerably (Table I) . For the lower leaf surface, A69484 had the highest PG rate and Russet Burbank the lowest. For the upper leaf surface, Lemhi had the highest PG rate, A69484 the lowest. Adding the values for the two leaf surfaces, Lemhi had the highest value for total PG and Russet Burbank the lowest.
The number of stomata per unit leaf area varied considerably among clones (Table III) A66107-51 had the greatest number of stomata on both leaf surfaces, and A6948-4 had the least on both surfaces. However, clone A6948-4 had somewhat larger stomata than the other clones, and when the area of stomatal apparatuses (Table IV) . Chi Content. Clone A66107-51 had a thicker or denser leaf (5.7 mg/cm2 versus 5.0 for the other three clones) and a higher level of Cl whether expressed on a fresh weight, dry weight, or leaf area basis (Tables II and IV) . Clone A6948-4 had the lowest level of Chl. Lemhi, A66107-51, and A6948-4 all had higher rates of carbon assimilation per unit Chl than Russet Burbank (Tables II  and IV) . DISCUSSION Photosynthesis and Yield-Diurnal and Seasonal Pattern. We have identified several potato clones that have higher rates of photosynthesis, that maintain these higher rates throughout the duration of a day and a season, and that often produce higher yields. The reduction in photosynthesis in the afternoons was probably due to leaf water stress. Measurements in the greenhouse of photosynthetic rates relative to the watering schedule (R. B. Dwelie, unpublished) support this conclusion. Previously, we reported that clone A6948-4, compared to the Russet Burbank variety, had higher photosynthetic production per unit leaf area and produced greater tuber yields despite the fact that it had a slightly lower leaf area duration (8) .
Irradiance. Clone A6948-4 also maintained higher PG rates over a range of PPFD from 400 to 2,000 pE m2 s . This suggests that We reported previously for the Russet Burbank variety that stomatal conductance increased with increasing PPFD from 400 to 1,700 ,uE m-2 s-' (7). Here, we show a similar relationship for four potato clones at PPFD ranging from 400 to 2,000 ,uE m-2 s-1 (Fig. 3) . Similarly, Ku et Adaxial versus Abaxial Leaf Surfaces. The upper (adaxial) leaf surface of some potato clones provides a surprising contribution to total carbon assimilation. Lemhi has an unusually high rate of CO2 assimilation through the upper leaf surface, and A6948-4 an unusually high rate through the lower leaf surface. This raises the intriguing question: through breeding, can we combine the high carbon assimilation rates of Lemhi's upper leafsurface and A6948-4's lower leaf surface? Preliminary measurements using 182 progeny from this cross indicate that it is possible.
Neither the number of stomata per unit area nor the total area of the stomatal apparatus accounts for relative differences in assimilation rates through the upper and lower leaf surfaces. For example, the lower surface of A69484 has the highest rate of CO2 uptake yet the fewest stomata and the least total area (Table III) . The fact that SC continues to increase with increasing PPFD up to 2,000 ,uE m-2 S-1 (Fig. 3) but PG often saturates by about 1,300 ILE m-2 s-1 (Fig. 2) suggests that SC is often not limiting under normal field conditions. Chi Content. Apparently, ChM content also is not limiting to CO2 assimilation for these clones. A6948-4, which often has the highest rate of CO2 uptake per unit leaf area, has the least Chl per unit dry weight and per unit leafarea (Table IV) . When comparing the rate ofCO2 uptake per unit Chl, A6948-4, Lemhi, and A66107-51 are all more efficient than Russet Burbank (Tables II and IV) .
Concluding Remarks. Photosynthesis cannot be examined as an isolated phenomenon but must be studied within the context of whole plant regulation. In particular, one must consider sourcesink interactions. Numerous reports have shown for several species, including potato, that increased sink demand can result in increased source output (net CO2 fixation), decreased sink demand can result in decreased source output, and partial removal of the source can result in increased output by the remaining leaf tissue. Such data suggest that measurements of photosynthetic rates may, in many cases, be an indirect measurement of sink demand. Work is in progress to examine this relationship in greater detail.
As discussed previously (7), critics of photosynthesis research have pointed to the low correlations between short-term measurements of photosynthesis and economic yields of crops. Such lack of correlation is not surprising since many physiological functions contribute to and often limit yields. Nevertheless, higher rates of photosynthesis are an essential step toward higher yields. Plant breeders must identify parental lines with high photosynthetic rates as well as with efficient nutrient uptake, increased disease resistance, etc., and then breed to combine these attributes.
